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ORIGINAL RESEARCH

Serum Activity Against G Protein—Coupled
Receptors and Severity of Orthostatic
Symptoms in Postural Orthostatic
Tachycardia Syndrome

Isabella Kharraziha, MD; Jonas Axelsson, MD, PhD; Fabrizio Ricci, MD, PhD; Giuseppe Di Martino, MD;
Margaretha Persson, PhD; Richard Sutton, MBBS, DSc; Artur Fedorowski, MD, PhD*; Viktor Hamrefors, MD, PhD*

BACKGROUND: Postural orthostatic tachycardia syndrome (POTS) is characterized by excessive heart rate increase on standing
and orthostatic intolerance. Previous data indicate autoimmune involvement. We studied serum activity against G protein—
coupled receptors in relation to symptoms in patients with POTS and controls using a commercial cell-based assay.

METHODS AND RESULTS: Forty-eight patients with POTS (aged 28.6+10.5 years; 44 women) and 25 healthy individuals (aged
30.7+8.6 years; 21 women) were included. The 10-item Orthostatic Hypotension Questionnaire (OHQ) was completed by 33
patients with POTS and all controls. Human embryonic kidney 293 cells overexpressing one G protein—coupled receptor:
adrenergic a, receptor, adrenergic [3, receptor, cholinergic muscarinic type 2 receptor, and opioid receptor-like 1 were treated
with sera from all patients. Receptor response was analyzed using a 3-arrestin—linked transcription factor driving transgenic
B-lactamase transcription by fluorescence resonance energy transfer method. Receiver operating characteristic curves were
constructed. G protein—coupled receptor activation was related to OHQ indices in linear regression models. Sera from pa-
tients with POTS activated all 4 receptors to a higher degree compared with controls (P<0.01 for all). The area under the curve
was 0.88 (0.80-0.97, P<0.001) combining all 4 receptors. Adrenergic a, receptor activation associated with OHQ composite
score (3=0.77 OHQ points per SD of activity, P=0.009) and with reduced tolerability for prolonged standing (P=0.037) and
walking for short (P=0.042) or long (P=0.001) periods. All 4 receptors were associated with vision problems (P<0.05 for all).

CONCLUSIONS: Our results indicate the presence of circulating proteins activating adrenergic, muscarinic, and nociceptin re-
ceptors in patients with POTS. Serum-mediated activation of these receptors has high predictive value for POTS. Activation of
adrenergic a, receptor is associated with orthostatic symptoms severity in patients with POTS.

Key Words: adrenergic receptors m autoimmunity ® G protein—coupled receptors m orthostatic intolerance ® postural orthostatic
tachycardia syndrome

is a disorder of unknown cause characterized
by orthostatic intolerance and increased heart
rate (HR) of 30 beats per minute during orthostasis,
in the absence of orthostatic hypotension.! In addition
to orthostatic intolerance, patients with POTS may

Postural orthostatic tachycardia syndrome (POTS)

experience debilitating symptoms only partly related
or unrelated to orthostasis, including light-headed-
ness, nausea, blurred vision, fatigue, mental confusion
(“brainfog”), chest pain, and gastrointestinal problems.?
Syncope may occur although presyncopal symp-
toms are more common. Several potential underlying
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CLINICAL PERSPECTIVE
What Is New?

Serum of patients with postural orthostatic
tachycardia syndrome (POTS) demonstrates
activity against cardiovascular and nociceptive
G protein—coupled receptors, and such activa-
tion is highly predictive of POTS diagnosis.

e Serum-mediated adrenergic a, receptor activ-
ity is associated with the severity of orthostatic
symptoms in POTS, independently of the ortho-
static hemodynamic response.

What Are the Clinical Implications?

e Qur findings provide new insights in the patho-
physiology of POTS and prompt further re-
search on a possible autoimmune involvement
in POTS.

e Measurement of G protein—coupled receptor
activity may be added as a diagnostic tool for
POTS, even though the optimal panel of recep-
tors and specific cutoff values are yet to be
determined.

e POTS is likely to be a heterogeneous disease,
and it remains to be explored whether detec-
tion of autoimmune G protein—coupled receptor
activity may identify different subtypes of POTS,
potentially responding to different treatments.

Nonstandard Abbreviations and Acronyms

ADRA1  adrenergic a, receptor

ADRB2 adrenergic 3, receptor

CHRM2 cholinergic muscarinic type 2 receptor

FRET fluorescence resonance energy transfer

GPCR G protein—coupled receptor

HR heart rate

IVIG intravenous immunoglobulin

OHDAS Orthostatic Hypotension Daily Activity
Scale

OHQ Orthostatic Hypotension Questionnaire

OHSA Orthostatic Hypotension Symptom
Assessment

OPRLA1 opioid receptor-like 1

POTS postural orthostatic tachycardia

syndrome

mechanisms have been suggested for POTS including
autonomic denervation, hypovolemia, hyperadrenergic
stimulation, and autoantibodies against adrenergic re-
ceptors.?* However, none of these proposed mecha-
nisms has yet led to effective treatment.
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It has been observed that some patients develop
POTS following an infection. This observation has
given rise to the hypothesis of an autoimmune-me-
diated cause of POTS. The fact that the majority of
patients with POTS are women, who are more sus-
ceptible to developing autoimmune diseases, further
supports the autoimmune hypothesis.? Additionally,
nearly one fourth of patients with POTS have positive
antinuclear antibodies and a higher prevalence of au-
toimmune diseases such as Hashimoto disease and
Sjogren syndrome.® Finally, we and others have pre-
viously demonstrated presence of antibodies against
adrenergic and cholinergic GPCRs (G protein—coupled
receptors) in POTS .69

GPCRs constitute a large family of receptors that
detect molecules outside the cell and activate inter-
nal signaling pathways, ultimately leading to cellular
responses.'®™ Over time, antibodies against GPCRs
have been linked to a spectrum of conditions, includ-
ing POTS.'%"2 Thus, we aimed to expand previous
observations by studying serum activity against spe-
cific GPCRs, cardiovascular ADRA1 (adrenergic a,
receptor), ADRB2 (adrenergic B, receptor), CHRM2
(cholinergic muscarinic type 2 receptor), and noci-
ception-related OPRL1 (opioid receptor-like 1) in pa-
tients with POTS and matched controls, and relate
the serum-mediated activation to specific orthostatic
symptoms.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population

A total of 48 patients with POTS and 25 healthy con-
trols were recruited for study from a tertiary referral
center incorporating both syncope unit and cardio-
vascular autonomic laboratory at Skane University
Hospital, Malm®, Sweden. The patients and con-
trols were recruited between January and December
2018. All patients with POTS had confirmed diagno-
ses by one of us with special expertise in POTS (A.F.).
Blood samples were collected from all 73 patients
and sent for analysis at the Center for Apheresis and
Stem Cell Handling at Karolinska University Hospital
in Stockholm, Sweden. Of the 73 participants, 48 (33
POTS and 25 controls) performed orthostatic tests and
answered the Orthostatic Hypotension Questionnaire
(OHQ) during their blood sample collection visit at the
Clinical Research Unit at Skane University Hospital in
Malmd. Blood samples from the other 15 patients with
POTS were collected and sent to Karolinska University
Hospital from local hospitals and primary care facilities
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around Sweden, which is why these 15 participants did
not complete the OHQ or orthostatic test at the time
of their blood sample collection visit. All patients with
POTS had a previous positive tilt test, which qualified
them as confirmed cases in this study. Controls did
not perform a formal tilt testing. Active standing tests
were performed in both patients and controls during
the study visit when the blood samples were collected
and the study questionnaire was filled in. Controls’
active standing test results were negative. The study
population is depicted in Figure 1. All patients provided
written informed consent. The study was approved by
the regional ethical review board in Lund (DNR 08/82
and 17/295) and all procedures were performed in ac-
cordance with the Declaration of Helsinki.

Orthostatic Hypotension Questionnaire

The OHQ is a questionnaire that has been previously
validated and used for orthostatic hypotension'® but
has also been used for quantification of POTS-related
symptoms.?™ The OHQ is divided into 2 subgroups:
Orthostatic  Hypotension  Symptom  Assessment
(OHSA) and Orthostatic Hypotension Daily Activity
Scale (OHDAS). OHSA consists of 6 questions: (1)

G Protein—Coupled Receptor Activity in POTS

dizziness, light-headedness, feeling faint, or feeling like
you might blackout; (2) problems with vision (eg, blur-
ring, seeing spots, and tunnel vision); (3) generalized
weakness; (4) fatigue; (5) trouble concentrating; and (6)
head/neck discomfort. OHDAS consists of 4 questions
that assess the impact of symptoms on daily activities
(standing for long and short duration, walking for short
or long duration). The recall period is “over the past
week.” The items are scored on a scale from 0 to 10,
with O indicating no symptoms and 10 indicating the
worst possible symptoms. The composite OHQ score
is calculated by averaging the OHSAS and the OHDAS.
Activities that are marked as zero or “cannot be done
for other reasons” at baseline are not included in the
scoring system. In this study, the OHQ was translated
into Swedish and validated by an expert in the field of
health status assessment.

Measurement of GPCR Activity

Sera from all patients with POTS and controls
were analyzed by a fluorescence resonance en-
ergy transfer (FRET)—based reporter system (Tango
GeneBLAzer, Thermo Fisher Scientific) based ona 3,-
arrestin—linked transcription factor driving transgenic

POTS (n=48)

Controls (n=25)

OHQ +
orthostatic
tests
(n=58)

Associationwith
symptoms and
hemodynamics

(n=58)

ROC + antibody
analysis (n=73)

Figure 1. Study population flow chart.

Orthostatic Hypotension Questionnaire (OHQ) and orthostatic test were completed by 33 patients with
postural orthostatic tachycardia syndrome (POTS) and 25 controls at the time of blood sampling. ROC

indicates receiver operating characteristic.
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Table 1. Characteristics of the Study Population

Patients With Controls

POTS (n=48) (n=25) P Value
Age, y 28.6+10.5 30.7+8.6 0.394
Women, n. 91.7 84.0 0.320
SBP, mm Hg 116.73+12.46* 113.60+8.33 0.283
HR, beats per min 69.39+12.27* 65.14+9.87 0.161
ASBP, 3 min -1.00£7.91 1.24£5.97 0.252
AHR, 3 min 26.32+11.75¢ 17.64+9.72 0.005
OHQ score 6.36+1.68* 0.67+1.03 <0.001

Age, heart rate (HR), and systolic blood pressure (SBP) are expressed
as mean+SD, whereas the proportion of women and different medications
are expressed as percentages of total within each group. AHR and ASBP
refer to the change in HR and SBP from supine to 3 minutes of active
standing. P values denote P for independent samples t test or chi-square
test, respectively. OHQ indicates Orthostatic Hypotension Questionnaire;
and POTS, postural orthostatic tachycardia syndrome.

Missing values: *n=15; Tn=19; n=17.

B-lactamase transcription. The FRET-based method
has been previously described in greater detail.”
Human embryonic kidney 293 cells overexpressing
one of the GPCRs, ADRA1, ADRB2, CHRM2, and
OPRL1, were plated and allowed to reattach during
48 hours. Cells were treated with 10% sera diluted in
Roswell Park Memorial Institute medium for 5 hours,
followed by addition of the FRET substrate, incuba-
tion for 60 minutes, and quantification analysis in a
CLARIO Star multipurpose plate reader. GPCR activ-
ity was measured as the ratio between emission of
cleaved and noncleaved FRET substrate. The selec-
tion of the ADRB2 over the ADRB1 was based on our
previous results,® which showed that the combina-
tion of the 2 adrenergic receptors, a, and 3,, pro-
vides the highest discriminative efficacy in regard to
patients with POTS (=94%).

Statistical Analysis

OHQ scores were compared according to the me-
dian of serum activation, using independent sam-
ples Student t test. Receiver operating characteristic
curves were constructed to analyze the predictive
value of GPCR activity for POTS. A logistic model
with all 4 GPCRs as POTS predictors was performed
and a predicted value for every individual was calcu-
lated. Quantification of the activation of the GPCRs
was log-transformed and related to the OHQ com-
posite and individual items scores in age-adjusted
linear regression models. In addition, the relationship
between GPCR and the OHQ scores were tested
in linear regression models, including the change in
HR and systolic blood pressure after 3 minutes of
orthostatic test as additional covariates. Data were
analyzed using SPSS software version 25 (IBM). A
2-sided P value <0.05 was considered significant for
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all tests. P values are displayed unadjusted for mul-
tiple testing; however, all results were interpreted ac-
counting for multiple testing.

RESULTS

Study Population Characteristics

The mean age in the POTS and control groups was
28.6+10.5 years and 30.7+8.6 years, respectively. Among
patients with POTS, 44 (91.7%) were women, and among
controls, 21 (84%) were women. Mean OHQ score was
6.36+1.68 in patients with POTS and 0.67+1.03 in con-
trols (P<0.001). A total of 36 patients with POTS were
treated with HR-regulating and/or vasoactive agents by
the time of the completion of the symptom questionnaire
and when blood was drawn (Table S1). By inclusion cri-
teria, no control patients were taking HR-regulating or
vasoactive medications. Three patients with POTS and 2
controls reported use of levothyroxine for hypothyroidism
(P for difference in proportions between groups=0.799).
Exclusion of these 5 patients from the analyses did not
substantially change the results, which is why they are
included in the following results. Study population char-
acteristics are shown in Table 1.

Receptor Activity in Patients With POTS
Compared With Controls

The mean receptor activity was significantly higher
in patients with POTS compared with controls for all
4 receptors (Figure 2A through 2D; Table S2). The
obtained area under the curve was 0.88 (0.80-0.97,
P<0.001) when analyzing all 4 receptors (Figure 3A).
The area under the curve when analyzing receptors
individually was 0.72 (0.58-0.85, P<0.001) for ADRA1
was 0.76 (0.64-0.88, P<0.001), for ADRB2 was 0.73
(0.60-0.87, P<0.001) for CHRM2, and 0.75 (0.62—-
0.88, P<0.001) for OPRL1, respectively (Figure 3B
through 3E). Some GPCR activity was seen in all
patients with POTS and all controls. However, 42
patients with POTS (87.5%) had at least one value
above the 75th percentile in control patients for the
respective receptor (Figure S1). Correlations for re-
ceptor activity in patients with POTS and controls are
shown in Tables S3 and S4.

Association Between Receptor Activity
and OHQ Score in Patients With POTS

The OHQ composite score was higher in those pa-
tients with above the median serum ADRA1 activation
(P=0.043), but not in ADRB2, CHRM2, or OPRL1 in
patients with POTS (Table 2). There were no significant
associations in the control group.

Serum ADRAT1 activation was associated with the
OHQ composite score (3=0.77, OHQ points per SD of
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p =0.008
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POTS Controls

p<0.001

ADRB2

=

POTS Controls

p=0007

CHRM2

==
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B
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Figure 2. Receptor activation (y axis) shown as the
ratio between emitted light from cleaved substrate and
noncleaved substrate.

A, ADRA1 (adrenergic a, receptor) activation in patients with
postural orthostatic tachycardia syndrome (POTS) and controls.
B, ADRB2 (adrenergic (3, receptor) activation in patients with
POTS and controls. C, CHRM2 (cholinergic muscarinic 2
receptor) activation in patients with POTS and controls. D,
OPRL1 (opioid-receptor-like 1) activation in patients with POTS
and controls. P values denote the difference between mean
values, using independent samples t test for the log-transformed
receptor activity. Please note that by design, one extreme outlier
in the POTS group with a value of 14.838 for ADRA1 activity and
26.709 for CHRM2 activity, respectively, is not displayed in the
figures.
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activity; P=0.009), whereas there were no significant
associations among controls (P=0.953). The associa-
tion between ADRA1 and total OHQ also remained sig-
nificant after adjusting for increase in HR and decrease
in systolic blood pressure after 3 minutes (P=0.031).
ADRA1 activation was associated with symptoms during
prolonged standing (P=0.037) and walking for short
(P=0.042) or long (P=0.001) periods. All 4 receptors
were associated with a higher score for vision problems
(ADRAT1, P<0.001; ADRB2, P=0.011; CHRM2, P=0.014;
and OPRL1, P=0.003). In addition, OPRL1 activity was
associated with symptoms during prolonged walking
(P=0.035). The activity of ADRA1, ARB2, CHRM2, and
OPRL1 was not associated with OHQ composite score
in controls. The full results are shown in Table S5.

A detailed clinical assessment revealed that 2 pa-
tients in the control group had treated hypothyroidism
and another patient had rheumatoid arthritis. However,
results did not differ when we excluded these 3 pa-
tients from the control group (data not shown).

DISCUSSION

We report that sera from patients with POTS activate the
4 GPCRs, ADRA1A, ADRB2, CHRM2, and OPRLI1, to
a significantly higher degree compared with sera from
controls. We also show that such GPCR activity is highly
predictive of POTS, as indicated by receiver operating
characteristic analyses. The ADRA1 activity is associ-
ated with severity of orthostatic symptoms, measured by
the OHQ score, in patients with POTS and this associa-
tion is partly independent of the hemodynamic response
during orthostasis. Moreover, activity in all 4 GPCRs cor-
relates specifically with symptoms of disturbed vision.

Role of GPCRs in POTS

The present results are in line with previous research
indicating that there may be autoimmune involvement
in POTS, targeting specific GPCRs. Previous studies
have detected various autoantibodies in POTS.67916:17
In the present study, activity towards specific GPCRs
rather than presence of autoantibodies was measured.
The FRET-based method detects changes in recep-
tor conformation, which can be caused by allosteric
or orthosteric binding of a ligand or antibody. The hy-
pothesis is that these conformational changes seen in
the present study could be caused by autoantibodies.
After binding to GPCR, autoantibodies can yield stimu-
latory and inhibitory effects."" Previous studies have
detected increased levels of autoantibodies against
ADRA1 and ADRAB1/2 in patients with POTS com-
pared with healthy controls.®’ Interestingly, IgG from
POTS was found to shift the ADRA1 dose-response
curve to the right after phenylephrine administration,
indicating a partial antagonistic effect on ADRA1. This
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Figure 3. The predictive value of specific G protein-coupled receptors (GPCRs) in postural orthostatic tachycardia

syndrome (POTS).

Receiver operating characteristic (ROC) curves for all 4 GPCRs (A) and the individual receptors (B through E) for the diagnosis of
POTS in the 73 patients. A, ROC curve for all 4 GPCRs (ADRAT1 [adrenergic a, receptor], ADRB2 [adrenergic 3, receptor], CHRM2
[cholinergic muscarinic 2 receptor], and OPRL1 [opioid receptor-like 1]) for the diagnosis of POTS. B, ROC curve for ADRA1 for the
diagnosis of POTS. C, ROC curve for ADRB2 for the diagnosis of POTS. D, ROC curve for CHRM2 for the diagnosis of POTS. E,
ROC curve for OPRL1 for the diagnosis of POTS. AUC indicates area under curve.

could potentially block the effects of endogenous nor-
epinephrine on ADRA1, which, in turn, would lead to
impaired vasoconstriction and increased baroreceptor
activation, consecutively leading to increased sym-
pathetic activity. In contrast, the ADRB1/2 effect was
found to be the opposite and shifted the ADRB1/2

J Am Heart Assoc. 2020;9:e015989. DOI: 10.1161/JAHA.120.015989

dose-response curve to the left after isoproterenol ad-
ministration; hence, the IgG from POTS had a stimu-
latory effect on ADRB1/2. The relatively unprotected
ADRB1/2 would respond to increased sympathetic
activity and circulating catecholamines with reflex
tachycardia.®” These inhibitory and stimulatory effects
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Table 2. Severity of Symptoms in Relation to Receptor Activity in Patients With POTS (n=33)

ADRAT1 Above the Median ADRAT1 Below the Median P Value

OHQ score 6.94+1.18 5.74+1.95 0.043*
ADRB2 Above the Median ADRB2 Below the Median

OHQ score 6.42+1.41 6.14+1.88 0.638*
CHRM2 Above the Median CHRM2 Below the Median

OHQ score 6.62+1.30 5.95+1.93 0.260*
OPRL1 Above the Median OPRL1 Below the Median

OHQ score 6.39+1.67 6.32+1.74 0.904

The composite Orthostatic Hypotension Questionnaire (OHQ) score in relation to specific receptor activation. ADRAT indicates adrenergic a, receptor;
ADRB2, adrenergic {3, receptor; CHRM2, cholinergic muscarinic 2 receptor; OPRL1, opioid receptor-like 1; and POTS, postural orthostatic tachycardia

syndrome.
Missing values: *n=1.

provide an interesting pathophysiological explanation
for the cardiovascular effects associated with upright
posture in patients with POTS.

The predictive value of GPCR activity for a diag-
nosis of POTS was analyzed using receiver operat-
ing characteristic, showing an excellent prediction of
the diagnosis in POTS (area under the curve, 0.88)
when combining all 4 receptors. The area under the
curve for the individual receptors were between 0.72
and 0.76. These findings indicate that measurement
of GPCR activity may be added as a diagnostic tool
for POTS, even though the optimal panel of receptors
and specific cutoff values are yet to be determined.
POTS is likely to be a heterogeneous disease, and it
remains to be explored whether detection of autoim-
mune GPCR activity may identify different subtypes of
POTS, potentially responding to different treatments.

Orthostatic Symptoms in Relation to
Receptor Activity

A correlation between the severity of symptoms and
the presence of autoantibodies in POTS has been ob-
served in a previous study by Gunning et al. This study
used a method of calculating symptom severity in OH,
another form of orthostatic intolerance with overlap in
clinical presentation, revealing a weak correlation with
all 9 receptor subtypes of autoantibody concentration
(ADRA1/2, ADRB1/2, and CHRM1-5) and the severity
of orthostatic symptoms.® The same study indicated
that 89% of patients with POTS had autoantibodies
against ADRA1 whereas antibodies against other adr-
energic and muscarinic antibodies were less prevalent.
Interestingly, there was a tendency that subtypes of
both adrenergic (a,, B, and 3,) and muscarinic recep-
tor antibodies were not detected in the sera of patients
with POTS, unless autoantibodies were expressed
against the a, adrenergic receptor subtype.® In our
study, ADRA1 activity was more strongly associated
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with the orthostatic symptoms compared with ADRB2,
CHRM2 and OPRL1. Thus, ADRA1 may play a particu-
larly important role in POTS. It should be emphasized
that in the study by Gunning et al,® the authors applied
a different antibody detection method, ELISA, which
does not include the whole cell assay but only specific
isolated epitopes derived from GPCRs.

In addition to adrenergic receptors, we included
CHRM2 and OPRL1. CHRM2 autoantibodies were first
detected in patients with Chagas disease and have later
been found in patients with dilated cardiomyopathy.'
The CHRM2 was reported to have a negative chrono-
tropic effect in cultured cardiomyocytes.'® In our study,
CHRM2 activity was greater in patients with POTS com-
pared with controls but did not correlate with symptom
severity. This is in contrast to a previous study, where
symptoms correlated with all 5 different muscarinic re-
ceptors.® The strongest correlation in that study; how-
ever, was seen in CHRM4, which was not included in our
study.® In contrast to adrenergic and muscarinic recep-
tors, there are no published studies regarding the role
of OPRL1 in POTS and other syndromes of orthostatic
intolerance. The OPRL1 is involved in pain perception
in humans.”® Thus, OPRL1 may provide a clue to the
symptom of chronic pain at various locations, which is
often described by patients with POTS.?2 OPRL1 activ-
ity was greater in patients with POTS compared with
controls and was associated with vision problems and
walking for long distances. However, the associations
were not strong. It is still unclear whether the increased
activities seen in CHRM2 and OPRL1 are caused by
stimulatory or inhibitory effects and the specific role of
these 2 receptors in POTS is yet to be further explored.

As demonstrated in the present study, there was
strong association between vision disturbances and
all 4 GPCRs in patients with POTS. Disturbed vision
is a common symptom of orthostatic intolerance.
The retina is more susceptible to hypoperfusion than
the brain, because of the presence of the intraocular
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pressure, which adds an impediment to eye perfusion
that is not present in cerebral circulation.?® However,
the decrease in blood pressure when upright in pa-
tients with POTS is usually only modest or nonexistent,
unless the patient experiences presyncope/syncope,
caused by vasovagal reflex activation.® The autonomic
nervous system influences numerous ocular functions
such as controlling pupil size, accommodation of the
lens, regulation of ocular blood flow, and intraocular
pressure.?’ This may explain why patients with auto-
nomic dysfunction, such as those with POTS, may
experience impaired vision. Interestingly, OPRL1 was
also associated with impaired vision. Of interest in rela-
tion to our findings, opioid receptors have been impli-
cated in the regulation of iris function®® and regulation
of intraocular pressure,?® which could explain why pa-
tients with increased activity in OPRL1 might have vi-
sion disturbances.

Immunomodulatory Treatments in
Patients With POTS

The present results support the hypothesis that POTS
is an autoimmune disease, which, in turn, may suggest
that some patients with POTS could benefit from im-
munomodulatory therapies. Controlled treatment trials
are in progress to determine whether immunomodula-
tory therapies may be effective in certain POTS sub-
groups.”? At this time, a few case reports have been
published describing improvements in POTS symp-
toms after intravenous immunoglobulin (IVIG), rituxi-
mab, autologous adipose stem cell infusions, and
plasmapheresis in highly selected cases with comor-
bid autoimmunity.?*2® A case report on a 32-year-old
patient with POTS demonstrated a positive response
to plasma exchange and improved OHQ score.?®

A retrospective study®® including 38 patients with
dysautonomia of various types, including 26 patients
with POTS, reported that 83.5% improved while taking
IVIG. The mean time to the first sign of response was
5.3 weeks and the study reported no serious adverse
events. GPCRs were not analyzed but antiphospho-
lipid antibodies and novel Sjogren antibodies were
often found to be present and correlated with a high
response rate to IVIG. There is increasing evidence that
IVIG is safe and effective in a subset of patients with
autonomic disorders and evidence of autoimmunity.
According to this study,?® a 4-month IVIG trial should
be considered in severely affected patients who are
refractory to lifestyle and pharmacological therapies.
Taken together, these above reports on efficacy of im-
munomodulatory therapy in select patients with POTS
lack both systematic assessment of serum positivity
for autoantibodies against GPCRs as entrance crite-
rion and randomization of patients to a placebo-con-
trolled arm.
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Limitations

Our study has a number of important limitations. First,
the sample size is small and our findings should be
externally validated in larger cohorts. Second, the
OHQ was previously validated in orthostatic hypoten-
sion and not specifically in POTS. In addition to symp-
toms of orthostatic intolerance, patients with POTS
may demonstrate a humber of additional symptoms,
including cognitive impairment, gastrointestinal prob-
lems, and unexplained pain,? which are not specifically
captured by the OHQ. Third, as already described in
the Methods section, we did not measure ADRB1 ac-
tivity. Fourth, the majority of patients with POTS were
treated with HR-regulating and/or vasoactive medica-
tions when completing symptom questionnaire and
when the blood samples were drawn. However, these
patients still reported significant symptoms, as indi-
cated by the OHQ. Finally, as previously mentioned,
receptor activity rather than antibodies was meas-
ured in the current study, and it is possible that the
conformational changes observed in the GPCR could
be the result of something other than autoantibodies.
However, since several previous studies have identi-
fied antibodies against these GPCRs, it may be per-
missible to assume that the increased activity in the
specific receptors is a consequence of autoimmune
disease.

CONCLUSIONS

Serum of patients with POTS demonstrates activity
against cardiovascular and nociceptive GPCRs and such
activation is highly predictive of POTS diagnosis. Serum-
mediated ADRA1A activity is associated with the severity
of orthostatic symptoms in patients with POTS, indepen-
dently of the orthostatic hemodynamic response. These
findings provide new insights into the pathophysiology of
POTS and prompt further research on possible autoim-
mune involvement in patients with POTS.
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Table S1. The use of conventional POTS therapy in the POTS group.

POTS (n=45)
Droxidopa 333
Beta-blockers 35.6
Procoralan 37.8
Midodrin 6.7
Orstanorm 4.4

Displayed as % of POTS subjects. No control subjects reported use of heart rate regulating or

vasoactive medications. Data about current medications were missing for three POTS patients.



Table S2. Serum activity against specific G-protein coupled receptors in POTS compared

to healthy controls.

POTS (n =48) Controls (n = 25) p-value
ADRA1 1.726 £+ 2.157 * 0.923+0.871 * 0.006
ADRB2 5.890 £ 5.641 *** | 2.256+1.615* <0.001
CHRM2 1.861+3.940 *** | 0.883+1.135* 0.007
OPRL1 0.955 +0.857 ** 0.640 £ 0.992 0.009

Data was analysed with Independent samples t-test. Log-transformation was applied to calculate
the p-values. Receptor activity is shown as the ratio between emitted light from cleaved substrate
and non-cleaved substrate and calculated as mean value + SD of the mean. Missing values: *n=1,;
**n=2; ***n=3. ADRAL: adrenergic alpha-1; ADRB2: adrenergic beta-2; CHRM2: muscarinic
type-2; OPRL1: opioid-receptor-like 1.



Table S3. Correlation between different G-protein coupled receptors in POTS patients

(n=48).
ADRA1 ADRB2 CHRM?2 OPRL1
ADRA1 Pearson Correlation 1 0.206 0.938"™ 0.418™
p-value 0.181 <0.001 0.004
N 47 44 44 45
ADRB2 Pearson Correlation 0.206 1 0.445"" 0.530™"
p-value 0.181 0.002 <0.001
N 44 45 44 45
CHRM2 Pearson Correlation 0.938" 0.445™ 1 0.481"
p-value <0.001 0.002 0.001
N 44 44 45 45
OPRL1 Pearson Correlation 0.418" 0.530™ 0.481" 1
p-value 0.004 <0.001 0.001
N 45 45 45 46

**_Correlation is significant at the 0.01 level (2-tailed).



Table S4. Correlation between different G-protein coupled receptors in controls (n=25).

ADRA1 ADRB2 CHRM2 OPRL1
ADRA1 Pearson Correlation 1 0.139 0.490" 0.610™
p-value 0.549 0.024 0.002
N 23 21 21 23
ADRB2 Pearson Correlation 0.139 1 -0.368 0.262
p-value 0.549 0.101 0.228
N 21 23 21 23
CHRM?2 Pearson Correlation 0.490" -0.368 1 0.082
p-value 0.024 0.101 0.711
N 21 21 23 23
OPRL1 Pearson Correlation 0.610™ 0.262 0.082 1
p-value 0.002 0.228 0.711
N 23 23 23 25

*. Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).



Table S5. Orthostatic symptoms in relation to specific receptor activity in POTS (n=33)

patients.

Dependant Independent B (per SD) p-value Adjusted p-value
Variable Variable

OHQ total ADRA1 0.768 0.009 0.031
OHQ total ADRB2 0.176 0.599 0.851
OHQ total CHRM2 0.290 0.364 0.541
OHQ total OPRL1 0.472 0.118 0.188
Vision ADRA1 1.653 <0.001 0.014
Vision ADRB2 1.336 0.011 0.021
Vision CHRM2 1.199 0.014 0.046
Vision OPRL1 1.490 0.003 0.005
Dizziness ADRA1 0.358 0.349 0.234
Dizziness ADRB2 -0.219 0.586 0.338
Dizziness CHRM2 -0.049 0.897 0.673
Dizziness OPRL1 0.030 0.937 0.948
Weakness ADRA1 0.607 0.093 0.343
Weakness ADRB2 -0.100 0.795 0.609
Weakness CHRM2 0.233 0.521 0.720
Weakness OPRL1 0.292 0.433 0.481
Fatigue ADRA1 0.196 0.583 0.546
Fatigue ADRB2 -0.352 0.363 0.254
Fatigue CHRM2 -0.245 0.493 0.449
Fatigue OPRL1 -0.018 0.960 0.869
Concentration ADRA1 0.529 0.264 0.702
Concentration ADRB2 -0.042 0.934 0.792
Concentration CHRM2 -0.076 0.871 0.682
Concentration OPRL1 0.271 0.570 0.625
Head discomfort ADRA1 0.699 0.186 0.323
Head discomfort ADRB2 0.592 0.318 0.797
Head discomfort CHRM2 0.481 0.384 0.600




Head discomfort OPRL1 0.379 0.505 0.802
Standing long ADRA1 0.867 0.037 0.041
Standing long ADRB2 -0.003 0.994 0.985
Standing long CHRM2 0.277 0.518 0.553
Standing long OPRL1 0.637 0.136 0.144
Standing short ADRA1 0.990 0.056 0.193
Standing short ADRB2 -0.866 0.112 0.093
Standing short CHRM2 -0.069 0.896 0.744
Standing short OPRL1 -0.198 0.712 0.762
Walking long ADRA1 1.690 0.001 0.023
Walking long ADRB2 0.523 0.388 0.516
Walking long CHRM2 0.773 0.173 0.377
Walking long OPRL1 1.181 0.035 0.042
Walking short ADRA1 1.117 0.042 0.107
Walking short ADRB2 -0.001 0.999 0.290
Walking short CHRM2 0.468 0.402 0.694
Walking short OPRL1 0.480 0.393 0.635
OHSA ADRA1 0.575 0.031 0.109
OHSA ADRB2 0.257 0.371 0.765
OHSA CHRM2 0.236 0.363 0.634
OHSA OPRL1 0.401 0.143 0.276
OHDAS ADRA1 0.960 0.009 0.022
OHDAS ADRB2 0.078 0.849 0.930
OHDAS CHRM2 0.299 0.436 0.533
OHDAS OPRL1 0.543 0.159 0.191

Linear regression was performed to calculate the association between severity of symptoms and receptor
activity. All analyses were adjusted for age. Adjusted p-value is defined as the p-value adjusted for the
increase in heart rate from baseline to 3 minutes and for the decrease in systolic blood pressure from
baseline to three minutes during orthostatic tests. B-values are shown as standard deviation from mean
value. OHQ, orthostatic hypotension questionnaire; ADRAL, adrenergic receptor alpha 1; ADRB2,
adrenergic receptor beta 2; CHRM2, Cholinergic receptor muscarinic 2; OPRL1, opioid receptor like 1;
OHSA, Orthostatic Hypotension Symptom Assessment; OHDAS, Orthostatic Hypotension Daily Activity

Scale.




Figure S1. Heat map for the elevated cut-off values (above 75" percentile) derived from the
control group shown and presented for each GPCR assays.

ADRA1>75 |ADRB2>75 |CHRM2>75 |OPRL1>75

Heat map in which red and blue boxes indicate POTS patients with a greater or lower GPCR
activity than the 75" percentile of controls respectively. ADRA1, adrenergic receptor alpha 1;
ADRB?2, adrenergic receptor beta 2; CHRM2, Cholinergic receptor muscarinic 2; OPRL1, opioid

receptor like 1.



